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The spectral properties and the pigment composition of isolated reaction 
centers (RC) have been studied extensively i n the past /1-3/. Recently the 
reaction centers from Rhodopseudomonas v i r i d i s (Rps. v i r i d i s ) were 
c r y s t a l l i z e d / 4 / and an X-ray structure analysis yielded the pigment 
arrangement /5/. From the l a t t e r publication we know that the four 
b a c t e r i o c h l o r o p h y l l b (BC) and the two bacteriopheophytine b (BP) molecules 
are arranged i n two branches (see F i g . 1). They are related pairwise by a 
twofold l o c a l symmetry axis (broken l i n e ) . The pigments of the branch 
containing the quinone, probably a menaquinone, MQ, are closer to the L 
protein subunit, the other pigments are closer to the M subunit. 
Consequently we index them by L and M. It was assumed /5/ that BCLP and BCMP 
form the special pair (P) and that BCLA and BCMA are the accessory 
b a c t e r i o c h l o r o p h y l l s . 
In t h i s Letter we present the results from o p t i c a l investigations of the 
c r y s t a l l i z e d reaction centers and combine the o p t i c a l and the s t r u c t u r a l 
information. The optical properties of the reaction centers in the Single 
F i g . 1 Model of the central part of the reaction center of Rps. v i r i d i s 
containing the four b a c t e r i o c h l o r o p h y l l b (BC), the two bacteriopheophytine b 
(BP) molecules and the menaquinone (MQ) after Ref.5. The molecules are 
arranged in two branches, L and M. 
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crystals are characterized and the influences of oxidation, reduction and 
photooxidation on the absorption spectra are shown. We make use of the 
ordered arrangement of the RC i n the c r y s t a l s to interpret the optical 
spectra: We assign absorption bands to p a r t i c u l a r pigments in the molecular 
model of the reaction center. 
The reaction centers were isolated and the crystals were grown as 
described recently / 6 , 4 / . The space group of these crystals i s P43 2 i 2 . The 
tetragonal unit c e l l has the dimension of 223x223x114 A
3
 and contains eight 
asymmetric Units. Each asymmetric unit i s occupied by one RC molecule 
yie l d i n g a RC-concentration of 2 . 3 5 x 1 0 "
3
 mol/1. In most cases the crystals 
grow i n the form of tetragonal columns with the p r e f e r e n t i a l growth 
direction p a r a l l e l to the z-axis. Fortunately, the crystals can be obtained 
in the form of thin p l a t e l e t s of several hundered micrometers in length and 
width and with a uniform thickness of a few micrometers. The surfaces of the 
platelets are p a r a l l e l to the xy, xz, or yz planes. The orientation of the 
crystallographic axis can be determined upon microscopic inspection. Düring 
the investigations the crystals were kept in closed c e l l s which contained a 
s a l t Solution of 2 . 7 M ammonium s u l f a t e , 20 mM sodium phosphate, 0 . 1 * 
N,N-dimethyldodecylamine N-oxide, 1* triethylammonium phosphate, and 1* 
h e p t a n e - l , 2 , 3 - t r i o l , pH 6 . 5 (chemically reduced crystals were prepared by 
adding 20 mM sodium ascorbate to the s a l t Solution, whereas oxidation of the 
RC was accomplished by adding K3Fe(CN)e (100 mM). 
The transmission spectra were recorded with a self-constructed microscope 
set-up: Light from a tungsten lamp was monochromized by a f i r s t grating 
spectrometer of 3nm resolution. The l i g h t beam of a certain linear 
polarization was focussed onto the c r y s t a l v i a a microscope objective 
(illuminated area 70 um * 70 um). The intensity of the measuring l i g h t in 
the crystals was kept at the lowest possible l e v e l , i n order to avoid 
a b s o r p t i o n changes due to photooxidation of the RC. We have confirmed that 
less than 3 * of the RC were photooxidized due to the action of the measuring 
l i g h t . Part of the incoming measuring li g h t was s p l i t - o f f by a beamsplitter 
and used as a reference. The l i g h t transmitted through the c r y s t a l was 
imaged by another objective onto the s l i t of a second spectrometer, and 
detected by a suitable photomultiplier (photocathodes S 20 or S 1 ) . The 
second spectrometer shielded the photomultipliers against stray l i g h t . The 
e l e c t r i c a l Signals were processed by a phase-sensitive detection system. 
Light-induced absorbance changes were measured i n the following way: At 
certain wavelengths the transmitted l i g h t power was recorded p r i o r to 
( I da rk ) and after illumination ( I i i i u m . ) of the RC by a c t i n i c l i g h t (for 30 
s ) . The logarithm of the r a t i o I i t Iu m . / I d a r k yielded the absorbance change 
AA. Actinic l i g h t was obtained from a Xe-arc-lamp used in conjunction with a 
s p e c t r o m e t e r t r a n s m i t t i n g radiation between 960 nm and 980 mn. The a c t i n i c 
l i g h t was l i n e a r l y polarized and travelled in the crystals c o l l i n e a r l y t o the 
measuring beam. In order to avoid Saturation of the absorbance changes,the 
lev e l of the a c t i n i c l i g h t was kept so low, that the r e l a t i v e absorbance 
changes were always smaller than 1 0 % . 
F i g . 2 shows absorption spectra of the RC crystals i n different 
surroundings. The same geometry of Observation was used when recording the 
three spectra: the crystals were oriented with the tetragonal axis 
perpendicular to the propagation direction (k) of the measuring l i g h t . The 
Polarisation (vector E) was p a r a l l e l (broken curves) and perpendicular 
( s o l i d curves) to the tetragonal axis. 
The absorbance spectrum of the native RC crystals (Fig 2a) displays a l l 
features known from RC in Solutions. The Qy absorption bands of the BC and 
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F i g . 2 Polarized absorbance spectra of single crystals of reaction center 
preparations from Rps. v i r i d i s : (a) native c r y s t a l s , (b) crystals treated 
with ascorbate, (c) crystals t r e a t e d w i t h K
3
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BP are between 750 nm and 850 nm . Qy of the special pair (P) i s around 
960 nm. The Qx absorption band of the BC i s close to 605 nm, whereas the 
Qx absorption of the BP and the bands of the cytochrome c are seen near 
550 nm. Of special interest i s the comparison of the extinetion c o e f f i c i e n t s 
determined f o r RC Solutions and RC c r y s t a l s . Using the transmission data for 
X = 960 nm, the measured c r y s t a l thickness, the known RC concentration and 
taking into aecount that the t r a n s i t i o n moment of the 960 nm band i s 
polarized perpendicular to the tetragonal axis,we obtain the value for the 
extinetion c o e f f i c i e n t of e = 110,000 M " 1 cm
- 1
. In order to compare the data 
from RC cr y s t a l s and RC Solutions , the extinetion c o e f f i c i e n t e was 
calculated f o r i s o t r o p i c a l l y arranged RC. The value determined f or the 
c r y s t a l l i z e d RC agrees with the published extinetion c o e f f i c i e n t of 
e = 125,000+25,000 M ^ c n r
1
 for RC in Solutions /2/. This finding gives a 
strong indication that the RC crystals contain intact RC where the strength 
of the special pair t r a n s i t i o n at 960 nm i s not influenced by 
crystal1isat ion. 
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The polarized absorption spectra a l l o w us to deduce q u a l i t a t i v e l y the 
orientation of the tr a n s i t i o n moments within the RC c r y s t a l s . The 
combination with the structural data allowsus toassign absorption bands to 
partic u l a r pigments. Detailed Information can be obtained for the BP 
molecules: It i s known from the l i t e r a t u r e that the BP absorb around 800 nm 
/ l / . In the polarized absorption spectra we f i n d one band at 805 nm 
polarized p a r a l l e l to the tetragonal z axis, whereas a strong Shoulder i s 
seen i n the ( E l z ) spectrum at 790 nm. Since BPL has a considerable 
absorption f o r l i g h t polarized p a r a l l e l to the z axis , we can assign the 
absorption at 805 nm to BPL and the Shoulder at 790 nm to BPM. 
RC crys t a l s reduced by ascorbate show changed absorption spectra (see F i g . 
2b): Between 550 nm and 560 nm, in the ränge of the cytochrome c molecules 
absorption increases considerably. It i s known that the RC of Rps. v i r i d i s 
in t o t a l contain four cytochrome c molecules. The X-ray structure analysis 
shows that the four cytochrome c molecules are positioned i n the RC roughly 
along a l i n e pointing away from the special p a i r . There are two different 
types, two cytochrome 558 and two cytochrome 553 molecules named according to 
the position of th e i r long-wave absorption peak. The observed absorbance 
increase suggests that i n the native cr y s t a l s the cytochrome c molecules are 
mainly oxidized,having negligible a b s o r p t i o n around 555 nm. In the reduced 
crys t a l s the additional absorption due to the cytochromes has a pronounced 
dichroism: A peak i s seen i n the E | | z spectrum at 558 nm whereas the E l z 
spectrum displays a Shoulder at 558 nm and a peak at 553 nm. The different 
Polarisation properties of the two absorption bands i n combination with the 
results of the structure analysis indicate that the cytochrome molecule 
which i s closest to the special pair i s a cytochrome 558. 
In F i g . 2c the absorption spectra of RC crystals oxidized by K3Fe(CN)s 
are shown. The 960 nm tr a n s i t i o n of the special pair disappears and the 
830 nm band i s shifted to shorter wavelengths. When inspecting more 
car e f u l l y the absorption spectra , one rea l i z e s a weak absorbance decrease 
around 605 nm. In addition, the broad Shoulder around 620 nm in the E J . z 
spectrum i s reduced (as compared with F i g . 2a). The complete lack of any 
absorption peak between 550 nm and 560 nm suggests that a l l the cytochrome 
molecules are oxidized. F i n a l l y there i s a very broad absorption background 
extending throughout the v i s i b l e in the E (| z spectrum. This background may 
be tentatively assigned to the oxidized special pair P
+
 (see below). 
The action of oxidation on the c r y s t a l l i z e d RC i s seen more c l e a r l y when 
the absorbance changes induced by photooxydation are studied. The r e l a t i v e 
Polarisation of a c t i n i c and measuring li g h t in the crys t a l s allows to obtain 
additional Information. In tetragonal crystals different geometries are 
needed to deduce the complete spectral Information. In p r i n c i p l e the spectra 
of F i g . 3 allow to determine the direction fo the t r a n s i t i o n moments of the 
pigments in the crystals /7/. As an example we have calculated from the 
light-induced absorbance changes the direction of the special pair 
t r a n s i t i o n at 960 nm. The transi t i o n i s polarized mainly in the xy~plane 
(within t 7°) and at an angle of 30° ± 5° r e l a t i v e to the x~direction. It i s 
interesting to note that this value agrees within the experimental accuracy 
with the direction determined by e x c i t o n i c a l l y coupling the Qy-transitions 
of the BC molecules forming the special pair (BCLP and BCMP). This finding 
supports the interpretation that: ( i ) BCLP and and BCMP form indeed the 
special pair and that ( i i ) the interaction between the special pair and 
other pigments does not influence the dir e c t i o n of the 960 nm t r a n s i t i o n . 
The quantitative analysis of the directions of the tr a n s i t i o n moments in the 
Q y ränge of the BP and the accessory BC i s made d i f f i c u l t by the strong 
overlap of the absorption bands. Nevertheless,some interesting features are 
readily determined from the absorption spectra of F i g . 3. Around 850 nm the 
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F i g . 3 Absorbance changes of the c r y s t a l l i z e d reaction centers induced by 
illuraination with a c t i n i c l i g h t at 970 nm. The propagation direction k of 
a c t i n i c and measuring l i g h t i s p a r a l l e l to the y-axis ( F i g . 3a) or p a r a l l e l 
to the z-axis (Fig. 3b). The e l e c t r i c - f i e l d vector of the a c t i n i c l i g h t 
(Eact) i s p a r a l l e l to the x-axis and at 45° to the x-axis in F i g . 3a and 
F i g . 3b respectively. The s o l i d and the broken curves were taken with the 
e l e c t r i c - f i e l d vectors of measuring (Epr) and a c t i n i c l i g h t (Eact) p a r a l l e l 
and perpendicular to each other, respectively. 
difference spectra have a dispersion-type shape. A more careful inspection 
of the experimental data reveals that the points of zero-crossing,as well as 
the position of the minima and maxima»do not coincide in the four spectra of 
F i g . 3. This indicates that the absorption bands show s h i f t and 
reorientation upon photooxidation. This can be caused by the oxidation of 
the special pair changing the excitonic interactions and leading to 
Stark-shifts of the resonance frequencies. In the spectral region of the 
Qx bands of the BC one finds a pronounced absorbance decreases at 618 nm 
with a width of 30 nm. The polarization dependence of that absorbance 
decrease supports the assignment that the Qx band of the special pair i s at 
618 nm. The apparent red-shift of the special pair Qx transition r e l a t i v e to 
the absorption band of the accessory BC at 605 nm allows a selective 
excitation of the special pair by l i g h t with X - 620 nm. This finding i s 
important for the Interpretation of very recent time-resolved experiments on 
the RC /8/. 
The detailed optical investigations of the c r y s t a l l i z e d reaction centers 
from Rhodopseudomonas v i r i d i s give valuable inforraation: ( i ) The reaction 
center crystals contain intact reaction centers which are photochemically 
active. There i s quantitative agreement of the absorption cross-section of 
the special pair in Solution and in the c r y s t a l . ( i i ) The reaction centers 
can be reduced and oxidized in the c r y s t a l l i n e form. This allows structural 
studies from chemically treated reaction centers. ( i i i ) The assignment of 
absorption bands to p a r t i c u l a r pigment molecules i s achieved. 
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